Inner ear develops from an induced surface ectoderm placode that invaginates and closes to form the otic vesicle, which then undergoes a complex morphogenetic process to form the membranous labyrinth. Inner ear morphogenesis is severely affected in Gata3 deficient mouse embryos, but the onset and basis of the phenotype has not been known. We show here that Gata3 deficiency leads to severe and unique abnormalities during otic placode invagination. The invagination problems are accompanied often by the formation of a morphological boundary between the dorsal and ventral otic cup and by the precocious appearance of dorsal endolymphatic characteristics. In addition, the endolymphatic domain often detaches from the rest of the otic epithelium during epithelial closure. The expression of several cell adhesion mediating genes is altered in Gata3 deficient ears suggesting that Gata3 controls adhesion and morphogenetic movements in early otic epithelium. Inactivation of Gata3 leads also to a loss of Fgf10 expression in otic epithelium and auditory ganglion demonstrating that Gata3 is an important regulator of Fgfsignalling during otic development. q
Introduction
Inner ear development is initiated when signals from the underlying endomesoderm and adjacent hindbrain induce the competent surface ectoderm to form the otic placode, which then invaginates and closes to form the otic vesicle. During closure, precursor cells for the vestibulocochlear ganglion start to delaminate and migrate away from the ventral vesicle epithelium whereas the endolymphatic duct extends dorsally. Additional signals from the adjacent hindbrain are thought to participate in the subsequent patterning and morphogenesis that result in a complex three-dimensional structure, the membranous labyrinth, that harbours specialized dorsal vestibular sensory organs for balance and a ventral cochlea for hearing (reviewed in Noramly and Grainger, 2002; Fekete, 2004) .
Targeted mutations in mouse have identified many genes that play important roles in mammalian inner ear development (reviewed in Anagnostopoulos, 2002) . However, the genetic control of the earliest steps in otic morphogenesis including placode invagination and formation of a closed otic vesicle has remained largely unknown. Also very little has been known about the molecular interactions and genetic hierarchies that guide otic epithelium morphogenesis.
Members of the Gata transcription factor family bind to a consensus 'GATA' DNA-motif (A/T-GATA-A/G). The six vertebrate factors (Gata1-6) are important in cell-fate specification as well as cell differentiation, proliferation and motility during development (reviewed in Patient and McGhee, 2002) . Two family members, Gata2 and Gata3, are expressed in inner ear (Lilleväli et al., 2004) . Their expression overlaps in mouse otic vesicle at E9.5-10.5 but becomes increasingly distinct during subsequent development. Gata2 is mainly expressed in the nonsensory areas of the vestibular epithelium whereas Gata3 expression is confined to the sensory domains and is restricted to the cochlea by embryonic day (E) 18.5 (Lilleväli et al., 2004) . Inactivation of Gata3 leads to an arrest in the morphogenetic development of the otic vesicle (Karis et al., 2001) whereas no abnormalities in early otic development have been observed in Gata2 deficient embryos (Lilleväli et al., 2004) .
The basis of the morphogenetic defects in Gata3 deficient inner ears is not understood and the target genes controlled by Gata3 have not been identified. In order to better understand the roles of Gata3 in otic development, we have performed a detailed analysis of the early roles of Gata3 during otic vesicle formation and subsequent morphogenesis. We show that Gata3 deficiency leads to aberrant otic placode invagination, precocious appearance of endolymphatic characteristics in the otic cup followed by the detachment of the aberrant endolymphatic domain from the rest of the otic epithelium. These morphogenetic problems are accompanied with altered expression of genes involved in cell adhesion and movement. We also reveal that Gata3 is an important regulator of Fgf10 expression in otic epithelium.
Results

Aberrant early morphogenesis and generation of an additional vesicle-like structure in Gata3K/K otic region
Targeted mutation of Gata3 leads to severe otic defects including the lack of semicircular ducts and reduced cochlear duct (Karis et al., 2001) . Whether these defects are due to changes in cell proliferation, death, differentiation, movement and/or adhesion has not been clarified. We made a detailed analysis of the early stages of otic development in Gata3 deficient embryos and verified Gata3 expression by taking advantage of the nlslacZ sequences inserted into the Gata3 locus (Hendriks et al., 1999) . NlslacZ activity is known to reflect the expression of endogenous Gata3 gene and no defects in the embryonic otic development have been observed in heterozygous Gata3
C/nlslacZ (hereafter GataC/K) embryos (Hendriks et al., 1999; Karis et al., 2001; van der Wees et al., 2004) .
Gata3 driven nlslacZ activity was analysed through E8.5-9.5 (Fig. 1) . A strong activity was detected in homozygous Gata3 nlslacZ/nlslacZ embryos (hereafter Gata3K/K) indicating that Gata3 is not required to maintain its own expression during otic development.
Mouse otic placode becomes morphologically distinguishable at 8-10 somite stages (Noramly and Grainger, 2002) . We observed Gata3/nlslacZ expression in Gata3C/K and Gata3K/K placodes at E8.5 embryos with 12 somites . When compared to the uniformly thick Gata3C/K placode (Fig. 1B) , the Gata3K/K placode often appeared to be divided in a clearly thicker ventral part and thinner dorsal domain (Fig. 1D) . However, only one continuous placode was detected on either side of the Gata3K/K head Fig. 1 . Early development of Gata3 deficient otic region. Gata3/nlslacZ expression was analysed in Gata3C/K (A,B,E,F,K,L) or Gata3K/K (C,D,G-J,M-P) embryos with whole mount b-galactosidase staining at E8.5 (A-D), E.9.0 (E-J), and E9.5 (K-P). The 25 mm thick vibratome sections (B,D,F,H,J,L,N) of the wholemount stained embryos were cut horizontally through the otic area as indicated with a black line in (A). Dorsal is up, medial is to the right. The scale bar is 50 mm. The arrows in (A) and (C) point to the otic placode area and the arrowheads in (I) and (J) point to the observed constriction at the otic cup stage. The dashed white lines indicate the outer border of the neural tube in (F), (H) and (J). The dashed black lines in (H) and (J) mark the distance between otic cup and neural tube in mutant samples. The images in (O) and (P) are from the back of the embryos, anterior is up. op, otic placode; nt, neural tube; dop, dorsal part of the otic placode; vop, ventral part of the otic placode; oc, otic cup; doc, dorsal part of the otic cup; voc, ventral part of the otic cup; ov, otic vesicle, dov, dorsal otic vesicle; vov, ventral otic vesicle; ed, endolymphatic duct outgrowth.
(nZ10). At E9.0, Gata3/nlslacZ expression was detected throughout the otic cup of Gata3C/K embryos. Expression was strongest in the ventromedial domain closest to the neural tube whereas dorsal parts showed weaker staining (Fig. 1E,F) . Strong Gata3/nlslacZ expression was observed in Gata3 deficient otic cup, which also showed an altered morphology and smaller size (Fig. 1G,H) . The Gata3K/K otic cups had in average 17% fewer cells/section than wild type or Gata3C/K cups at closing stage. Furthermore, in approximately half of the ears, a clear constriction in the middle was detected (arrowheads in Fig. 1I,J) . The constriction divided the cup area into a dorsal and a more ventral part. Gata3/nlslacZ expression was stronger in the thicker ventral domain than in the thinner dorsal one. Furthermore, the invagination process of the dorsal domain lagged behind that of the ventral domain (Fig. 1I,J) .
We also observed that the ventro-medial part of the heterozygous otic cup with strongest Gata3/nlslacZ activity came close to the basal lamina lining the neural epithelium (white dashed line in Fig. 1F ). However, the corresponding part in Gata3 deficient littermates did not come as close to the neural tube at this stage (Fig. 1H,J) . Instead, several layers of mesenchymal cells were detected between the two epithelia (indicated by black dashed lines in Fig. 1H,J) .
At E9.5 Gata3/nlslacZ was expressed all over the newly closed otic epithelium with strongest expression in the lateral wall ( Fig. 1K-N) . In those otic vesicles where a small endolymphatic outgrowth was already present, Gata3/ nlsLacZ expression was excluded from the dorsalmost part (data not shown). Otic vesicle was closed in both Gata3C/K and Gata3K/K embryos but the shape was different. The Gata3K/K vesicles were often oval and dorso-ventrally elongated in shape whereas the Gata3C/K vesicles appeared more round (Fig. 1K,M) . No clear difference in the distance between otic and neural epithelia between wild type and Gata3K/K embryos could be observed anymore (data not shown). Instead, we observed that 48.5% of the Gata3K/K embryos (nZ16/33) had two separate nlslacZ expressing vesicles either on one side (Fig. 1O ) or on both sides (Fig. 1P ) of the head. Most often (nZ13/16) the two vesicles were present only on one side. When two vesicles were detected, the dorsal one was always smaller than the ventral one. Also the relative position of the two vesicles was constant and we could never detect more than two vesicles on one side.
The two vesicle structures on one side have different otic identities
In order to verify whether the extra vesicles observed in Gata3K/K embryos exhibit other otic characteristics in addition to Gata3/nlslacZ expression at E9.5, we undertook an expression analysis with known inner ear marker genes. Dlx5 was strongly expressed in the dorsal otic epithelium including the endolymphatic duct domain in wild type embryos at E9.5-10.5 ( Fig. 2A,D) . In Gata3K/K embryos with two vesicles on one side, Dlx5 expression was detected mainly in the dorsal vesicle whereas weaker and more restricted expression was detected in the ventral one (Fig. 2B,E,F) .
The Pax-Eya-Six-Dach network of transcription factors is thought to control the development of many organs from Drosophila to mammals. During otic development, Pax2, Eya1 and Six1 genes are activated in response to early inducing signals and they seem to be instrumental in otic territory specification and/or patterning (reviewed in Riley and Phillips, 2003) . We have shown earlier that the expression of several members of this conserved network (Pax2, Eya1, Six1) is unchanged in both Gata2K/K and Gata3K/K otic vesicles (Lilleväli et al., 2004) . Here, we verified the expression of Six1 and Dach1 in Gata3K/K embryos with two vesicles on one side.
In wild type littermates, Six1 was expressed in the ventral part of the otic vesicle and in the surrounding mesenchyme at E10.5 excluding the endolymphatic duct (Fig. 2G) . In Gata3 deficient embryos, no Six1 expression was detected in the separate small dorsal vesicle (Fig. 2H) . Instead, intense Six1 expression could be detected in the ventral vesicle and the surrounding mesenchyme (Fig. 2I ). Dach1 expression was almost complementary to Six1 covering the dorsal part of the otic vesicle including the outgrowing endolymphatic duct (Fig. 2J) . In Gata3K/K embryos, strongest Dach1 expression was detected in the dorsal-most vesicle (Fig. 2K,L) .
These results demonstrated that the separate dorsal and ventral vesicles in Gata3K/K embryos exhibit different otic identities according to their position, dorsal or ventral. The results also confirmed our earlier observations (Lilleväli et al., 2004) that Gata3 deficiency does not lead to major defects in the dorso-ventral patterning of the otic epithelium. However, a clear reduction in the expression areas of the dorsal markers Dlx5 and Dach1 could be observed.
Cell proliferation and death in Gata3K/K otic region
Normal morphological development and growth of inner ear requires precise control of programmed cell death and proliferation (Cecconi et al., 2004) . We verified whether the pattern of cell death and proliferation would give us more insights into the surprising early defects including the generation of two separate otic vesicles on one side of the head in Gata3K/K embryos.
The size of the Gata3K/K placode at E8.5 seemed normal but the closing otic cup and the resulting otic vesicle were always smaller than in wild type or Gata3C/K littermates (Figs. 1B, D, F, H, B) . To calculate the proliferation rate in otic epithelium at E9.0-10.5 we injected time-mated pregnant females with BrdU and detected dividing cells in embryos with an anti-BrdU antibody. A small but significant difference in the proportion of BrdU labelled nuclei from all otic cup nuclei between the wild type (proliferation index 59.1G8.9%) and Gata3K/K embryos (52.7G6.5%; P! 0.05* Student's t-test; Fig. 3A ,B) was observed at E9.0. In addition to reduced proliferation rate, we observed changes in epithelium thickness and arrangement of the BrdU positive nuclei in Gata3K/K otic cups. The wild type otic cup epithelium was equally thick dorsally and ventrally (brackets in Fig. A-C) and the BrdU positive nuclei were aligned close to the outer border of the cup (indicated with a dashed line in Fig. 3A ) and distributed evenly throughout the epithelium. The ventro-medial Gata3K/K otic cup epithelium was often thicker than the dorsal part (brackets in Fig. 3B ,C) and the dorso-lateral part contained areas that lacked BrdU positive nuclei (dashed bracket in Fig. 3B ).
In half of the Gata3K/K ears, the otic cup had two compartments, which were separated by a constriction (arrow in Fig. 3C ), and at the closing stage, half of the ears had two cups linked only by the surface ectoderm (arrow in Fig. 3D ). In these ears, the epithelial arrangement between the dorsal and ventral compartments was clearly different. The ventral epithelium was much thicker than the dorsal compartment (Brackets in Fig. 3C ) and BrdU positive nuclei were detected also close to the inner border of the cup epithelium. The dorsal epithelium was thinner and the nuclei were arranged close to the outer border (Fig. 3C) . When proliferation indexes were calculated in these compartmentalized Gata3K/K otic cups, the dorsal part always had less proliferating cells (27.6G2.4%) than the ventral part (44.2G6.8%; P!0.0005***).
At E9.5 otic vesicle, a small difference in the proportion of proliferating cells was observed between the wild type (49.4G 4.4%) and Gata3K/K (45.7G9.2%; P!0.05*) embryos. At E10.5 we decided to count the proliferation in endolymphatic duct domain separately from the rest of the otic epithelium since very little proliferation occurs in the endolymphatic compartment at this stage. In wild type embryos, the proliferation index in the endolymphatic duct was 9.7G4.8% and in the more ventral domain 52.1G6.0% (Fig. 3E) . In Gata3K/K embryos, the proliferation index in the small dorsal vesicle was 8.4G4.6% corresponding to the index observed in the endolymphatic duct domain of the wild type littermate (PZ0.5; Fig. 3F ). The cell proliferation in the bigger ventral vesicle (41.8G4.6%) was clearly decreased when compared with the wild type otic vesicle excluding the endolymphatic duct (P! 0.005**; Fig. 3G ).
We also observed that the epithelia of the dorsal otic cup at E9.0 and the separate dorsal vesicle of Gata3K/K embryos at E9.5-10.5 (Fig. 3C ,D,F and data not shown) shared many characteristics in common with the endolymphatic domain of the wild type embryos at E10.5 (Fig. 3E ) including cell morphology, thin structure and low proliferation rate. Thus, our observations suggested that many endolymphatic characteristics appeared too early in Gata3K/K otic epithelium.
Apoptotic cells have been detected in restricted areas of the developing mouse otic vesicle and this specific pattern of developmental apoptosis is critical for normal morphogenesis and growth of the inner ear (Cecconi et al., 2004) . At the otic vesicle stage, apoptosis can be detected mainly in two areas including the dorsally outgrowing endolymphatic duct and a dorso-lateral domain (Cecconi et al., 2004) . No significant difference in the proportion of apoptotic cells was observed between the wild type and Gata3K/K otic epithelium at E10.5 ( Fig. 3H -J and data not shown). Furthermore, the overall pattern seemed normal (data not shown). When two vesicles were present on one side in Gata3K/K embryos, the dorsal vesicle contained a high proportion of dying cells (27.6G 10.3%) corresponding to the proportion observed in the wild type endolymphatic duct domain (24.6G8.9%; PZ0.5, Fig. 3H -J). Thus, in contrast to proliferation, cell death is not affected in early otic vesicles when Gata3 is inactivated.
Expression of genes involved in adhesion and motility in Gata3K/K otic epithelium
Aberrant motility and altered cell adhesion properties could be behind the unique early otic phenotype of the Gata3K/K embryos including the premature appearance of endolymphatic characteristics, the formation of a morphological boundary between dorsal and ventral otic cup and the dissociation of the endolymphatic domain along this ectopic boundary from the rest of the otic epithelium.
To get more insights into the roles of Gata3 in otic morphogenesis, we performed a microarray analysis where we compared gene expression levels in Gata3K/K mutant and wild type otic epithelia at early vesicle stage. This analysis identified 250 genes that were up-regulated more than 1.7 folds in Gata3K/K samples whereas 63 genes were down-regulated more than 1.7-folds (P!0.0005; Supplementary data 1). Altogether three genes related to cell adhesion were up-regulated over 1.7-folds while only one was down-regulated (Table 1) .
The highest up-regulation was observed in gap junction membrane channel protein beta2 (Gjb2) mRNA level, which was increased by 5.7-folds in Gata3 deficient RNA-population (Table 1) . Gjb2 encodes for connexin 26 (Cx26), member of a multi-gene connexin family forming intercellular membrane channels called gap junctions. In addition to their function in cell-cell communication mediating the passage of ions and small signalling molecules, connexins have also gap junctionindependent functions in cell adhesion and motility (reviewed in Wei et al., 2004) . The expression level of the other 13 connexin family members present on the arrays had not changed within the given limits in Gata3K/K samples (Supplementary data 1).
By RNA in situ hybridisation we confirmed that Gjb2 expression was activated prematurely in Gata3K/K otic cups and nearly closed otic vesicles at E9.0-9.25 (Fig. 4A,B and data not shown) whereas in wild type embryos expression could be detected first at E10.5 (Fig. 4C ) in two primordial sensory patches (arrow in 4C and data not shown). In Gata3K/K otic epithelium at E10.5 Gjb2 expression was found also in a dorsal ectopic area outside of the sensory patches (Fig. 4D) . No ectopic expression could be detected anymore at E11.5 (data not shown).
The precocious and ectopic expression of Gjb2 prompted us to verify whether the expression of other genes confined to early sensory areas was also altered. Lunatic fringe (Lfng) is an early marker for ventral otic vesicle sensory competent zone (Brigande et al., 2000) and it is later expressed in vestibular maculae as well as in the sensory area of the cochlea whereas Bmp4 is a marker for semicircular duct cristae (Morsli et al., 1998) . In our microarray analysis, the level of Lfng specific mRNA had increased by 2.3-folds while the level of Bmp4 mRNA had not increased (Table 1 and Supplementary data 1). In RNA in situ hybridisation analysis, we detected Lfng expression in the ventral-most area of the newly formed otic vesicles in both wild type littermates and in Gata3K/K embryos, but could not detect any change in expression levels with this method. Instead, we noticed that the proportion of Lfng negative epithelium had decreased significantly (Fig. 4E,F) and this was most likely the reason behind the microarray result. At E10.5 Bmp4 was detected in two patches that mark the sensory anlagen for cristae both in wild type and Gata3K/K otic epithelium (arrows in Fig. 4G ,H) and no ectopic expression outside the sensory epithelium could be observed. Therefore, no general over-activation or broadening of a sensory fate could be observed in early Gata3K/K otic epithelium.
Eph-receptors bind membrane bound ephrin ligands and are involved in migration, adhesion and repulsion during multiple developmental events such as gastrulation, neural crest migration, segmentation and formation of boundaries in the nervous system (reviewed in Holder and Klein, 1999) . From the various Eph receptor genes present on the microarray chips, two showed a 2.3-fold increase in expression levels in Gata3K/K otic region, namely Epha4 and Ephb4 (Table 1 and Supplementary data 1). A small increase in Epha4 expression level could also be detected with RNA in situ hybridisation in Gata3K/K otic cup and vesicle epithelium (data not shown). However, no compartmentalisation of expression that could help to explain the otic phenotype was observed in either wild type or Gata3K/K embryos.
In addition to the increase of Gjb2 and Eph expression, we observed a decrease in the mRNA levels of an additional cell adhesion related gene, Secreted phosphoprotein 1 (Spp1) or osteopontin. Spp1 is an extracellular matrix (ECM) protein that mediates cell-matrix interactions, cell adhesion and cellular signalling through binding with integrin and CD44 receptors. Increased expression of Spp1 is observed in many tumor cells and often linked to metastasis (reviewed in Wai and Kuo, 2004) . We observed a clear down-regulation of Spp1 expression in Gata3K/K otic region (Table 1) .
Altogether the observed changes in expression profiles suggested that cell motility had deceased in Gata3K/K otic 
Down-regulation of dorsal marker genes in Gata3 deficient otic epithelium
Due to the abnormal endolymphatic development in Gata3K/K embryos we decided to investigate whether the expression of genes known to be important for the development of dorsal otic compartments had been altered. Inactivation of Dlx5 leads to the lack of endolymphatic and semicircular ducts (Depew et al., 1999; Acampora et al., 1999) . As shown earlier ( Fig. 2A-F) , the expression of Dlx5 could be detected in Gata3K/K otic vesicles, but the level and expression domain had decreased when compared to the wild type littermates.
Inactivation of Gbx2 leads to variable otic defects including the lack of the endolymphatic duct and two of the three semicircular ducts. Gbx2 is thought to mediate hindbrain derived signals to otic epithelium and to promote dorsal fates including the endolymphatic and semicircular ducts by positively regulating Dlx5 and Wnt2b (Lin et al., 2005) . Gbx2 expression could be detected in the wild type dorsal otic vesicle at E9.5 and in the endolymphatic domain at E10.5 (Fig. 5A,C) . Expression in the dorsal domains of Gata3K/K otic vesicles could also be observed although the level had clearly decreased (Fig. 5B,D and Table 1 ).
Wnts form a large family of secreted factors that can signal to the same or different tissues via transmembrane Frizzled proteins and their co-receptors. The canonical Wnt pathway involves the stabilisation of b-catenin, which then enters the nucleus where it regulates target genes together with the transcriptional cofactors of the T-cell transcription factor/lymphocyte enhancer factor (Tcf/Lef) family (reviewed in Huelsken and Birchmeier, 2001; Wang and Wynshaw-Boris, 2004) . Little is known of the role of Wnt factors during early inner ear development in mammals and the expression of only Wnt2b in early otic epithelium has been reported (Zakin et al., 1998; Lin et al., 2005) .
We wanted to verify, which Wnt family members were present in mouse otic epithelium at the early morphogenetic stages and whether their expression was altered in Gata3K/K embryos. The first Wnt gene expressed in otic epithelium was Wnt6 at E8.5 confined to the dorsal portion of the otic placode (Fig. 5E) . At E9.0 expression was restricted to the dorsal otic cup area, which had a close contact with the neural tube (Fig. 5G) . At these stages, no clear decrease in Wnt6 expression level was observed in Gata3K/K otic epithelium (Fig. 5F,H) . In contrast, a down-regulation of Wnt6 expression was observed at E9.5-10.5 after the otic epithelium had closed to form a vesicle (Fig. 5I ,J, Table 1 and data not shown).
Wnt2b expression started in the dorsal-most part of the newly formed wild type otic vesicle at E9.5 (Fig. 5K) and was confined to the outgrowing endolymphatic duct at E10.5 (data not shown). No Wnt2b expression could be detected in Gata3K/K otic vesicle at E9.5 or E10.5 (Fig. 5L , Table 1 and data not shown). In addition, we detected Wnt10a and Wnt3a expression in E9.5 and E10.5 otic vesicles, respectively, but their levels had not altered in Gata3K/K embryos (data not shown).
The human homologue of mouse Drapc1 gene, the APCDD1, is thought to be a target of Wnt-signalling pathway in cancer cell lines (Takahashi et al., 2002) . Drapc1 was expressed first in the whole otic placode and later in the dorsomedial otic cup and vesicle as well as in the growing endolymphatic duct in a very similar manner to Wnt6 (Fig. 5M,O and Jukkola et al., 2004) . Drapc1 was strongly down-regulated in Gata3K/K otic epithelium already from the placode stage on, and only a very weak expression could be detected in the cup and vesicle (Fig. 5N,P and data not shown) .
These results further indicate that the endolymphatic fate was established in the early Gata3K/K otic epithelium since the dorsal markers were expressed. However, the expression Fig. 2C . Expression of Lfng in wholemount stained wild type (E) and Gata3K/K (F) embryos at E9.5. Scale bar is 50 mm.
level of these genes decreased significantly during or after vesicle closure indicating that the subsequent development was not supported or maintained properly. Since, most of these dorsal genes are known to be important for the development of the semicircular ducts as well, the decrease in their expression has also likely consequences for the development of the vestibular compartments in Gata3K/K embryos.
Fgf-signalling in Gata3K/K otic area
Fibroblast growth factor (Fgf) signalling plays important roles especially in induction and morphogenesis of the mammalian inner ear (Mansour et al., 1993; Alvarez et al., 2003; Pauley et al., 2003; Wright and Mansour, 2003; Ohuchi et al., 2005) . We verified the expression of Fgf signalling components in Gata3K/K embryos.
At early stages (E8.0-8.5), Fgf3 is expressed in the hindbrain adjacent to the otic area and it can be detected in the otic epithelium in embryos with 14 somites (Alvarez et al., 2003) .
After otic vesicle closure at E9.5, we detected strong Fgf3 expression in a small antero-ventral area of the otic vesicle and in the cells forming the vestibulocochlear ganglion (Fig. 6A,C) . Fgf3 expression was also present in the corresponding regions of Gata3K/K embryos (Fig. 6B,D) . The high increase in Fgf3 mRNA levels observed in our microarray analysis (Table 1) is most likely due to the dramatic decrease in the proportion of Fgf3-negative epithelium (Fig. 6C,D) .
Fgf10 expression has been detected at 15-somite-stage in the invaginating otic cup (Alvarez et al., 2003) . We confirmed this in wild type embryos but could not detect any expression in Gata3K/K otic cup (data not shown). In otic vesicle at E9.5, Fgf10 expression was partially overlapping with Fgf3 in wild type littermates concentrating in the antero-ventral domain and the forming vestibulocochlear ganglion (Fig. 6E,G) . Also here, no Fgf10 expression could be detected in Gata3K/K otic epithelium or the ganglion (Fig. 6F,H and Table 1 ). At later stages, E11.5-12.5, an intense Fgf10 expression was observed in otic sensory epithelia and in the vestibulocochlear ganglion in wild type embryos (Fig. 6I and data not shown) . In Gata3 Fig. 2(C) and in the sections in (E)-(P) have been cut as shown in Fig. 1(A) . The used probes are indicated in the images. Arrows in (E)-(H) and (M)-(N) point to the area where otic epithelium loses the close contact with the neural tube coinciding with gene expression borders. Scale bar is 50 mm. deficient embryos, a strong down-regulation of Fgf10 expression could be detected (Fig. 6J) .
Of the Fgf-receptors, only Fgfr2 (isoform IIIb) mutation shows major morphogenetic defects in inner ear development (Pirvola et al., 2000) . It is expressed already in the otic placode in mouse embryos and later, in the dorsal and medial walls of the closed vesicle and in the surrounding mesenchyme (Pirvola et al., 2000; Pauley et al., 2003) . We verified the expression of this receptor known to interact mainly with Fgf3 and Fgf10. At E11.5, Fgfr2 was expressed strongly in the periotic mesenchyme and in the otic epithelium excluding only the vestibular sensory areas in wild type littermates (Fig. 6K) . Similarly, intense Fgfr2 expression was observed in the mesenchyme and the Gata3K/K otic epithelium excluding the domains corresponding to developing sensory areas (Fig. 6L) .
We also verified whether the expression of a downstream target gene of Fgf-signalling, Etv5 (formerly Erm; Roehl and Nusslein-Volhard, 2001 ), was affected. At E9.5, Etv5 was strongly expressed in the vestibulocochlear ganglion and in the otic vesicle excluding only the dorsal-most area (Fig. 6M,O) . In Gata3K/K embryos, Etv5 expression was clearly down-regulated in both the otic epithelium and the ganglion (Fig. 6N,P) . Altogether, these results demonstrate that Gata3 is specifically required for Fgf10 driven signalling during otic vesicle development.
Gata3 transactivates Fgf10 expression in cell culture
Fgf10 and Gata3 expression domains overlap considerably during inner ear development involving multiple cell types (otic cup and vesicle epithelium, sensory epithelium and vestibulocochlear ganglion; Figs. 1 and 6; Pirvola et al., 2000; Lawoko-Kerali et al., 2002; Alvarez et al., 2003; Lilleväli et al., 2004) . This, together with the observation that Fgf10 is not initiated normally in Gata3 deficient otic epithelium and ganglion suggested possible regulatory relationships between the genes.
In order to verify whether putative Gata3 binding sites exist in Fgf10 upstream region we analysed a 5.5 kb region surrounding the transcription start site of mouse and human genomic sequences with the Consite program (Lenhard et al., 2003) . We were able to identify five regions (I-V) containing one (as in III) or multiple (3-16) putative 100% conserved Fig. 1A ) through the ear region of these embryos are shown in (C),(G) and (O) for the wild type and in (D),(H) and (P) for Gata3K/K. Radioactive RNA in situ hybridisation analysis on sections from wild type (I,K) and Gata3K/K (J,L) embryos at E11.5. Plane of the sections is as in Fig. 2C . The used probes are indicated in the images. Scale bar is 50 mm.
consensus Gata3 binding sites ( Fig. 7 and Supplementary data 2). All identified binding sites were also either completely or partially conserved in chicken genomic sequence (Supplementary data 2). A similar analysis found no conserved Gata3 binding sites in Fgf3 upstream region (data not shown).
To test the transactivation capacity of Gata3 we chose a cell culture system (NIH3T3) where the endogenous Fgf10 gene was expressed indicating that all factors required for its activation were present. The NIH3T3 cells also produced endogenous Gata3, as did all cell lines that we tested (data not shown).
We cloned the upstream region containing the conserved GATA sites from Fgf10 into a firefly luciferase reporter vector (pGL3-Basic). The resulting construct pGL3-Fgf10(-3410), was transfected into NIH3T3 cells with or without a Gata3 expression vector. Luciferase activity driven by the pGL3-Basic vector decreased when Gata3 was cotransfected with it (0.42-fold change, variation range 0.29-0.59, P!0.0001) indicating that Gata3 produces unspecific inhibitory effects on the vector-backbone. In contrast, when pGL3-Fgf10(-3410) was cotransfected with Gata3 plasmid, the negative effect to the backbone was overrun and in addition, a twofold increase was observed in luciferase activities (Fig. 7) . These results suggested that Gata3 could efficiently transactivate Fgf10 expression by binding to the putative Gata3 binding sites present in the Fgf10(-3410) genomic region.
To identify in more detail the region responsible for Gata3-dependent activation of Fgf10 we performed a deletion analysis of the 5 0 -upstream region (restriction sites indicated in Fig. 7 ) and transfected the deleted constructs into NIH3T3 cells. The transactivation with Gata3 was lost when the conserved region V was deleted with KpnI (Fig. 7) . Further deletions with NheI and AfeI gave similar results indicating that functional Gata3 elements mainly reside in region V, which contains 12 fully conserved and 5 partially conserved putative Gata3 binding sites (Supplementary data 2) . Further deletions until BstXI and SmaI (removing also the transcription initiation site) resulted in inhibitory effects with Gata3 similar to those observed with the vector backbone alone (Fig. 7) .
Discussion
Aberrant otic placode invagination and formation of an ectopic morphological boundary without Gata3
Close attachment of otic cup epithelium to neural tube basal lamina is thought to be necessary for normal invagination in chicken embryos (Brown et al., 1998; Moro-Balbás et al., 2000; Visconti and Hilfer, 2002) . Mouse Gata3 starts to be expressed in otic placode around the time when it starts to invaginate and we show here that it controls the earliest otic morphogenetic steps. Without Gata3 the otic cup showed reduced size and aberrant shape and the ventro-medial part failed to come as close to the neural tube as in wild types or heterozygotes during the invagination process. However, a reduced dorsal area remained in contact with the neural tube and was thus susceptible to neural tube derived signals.
Despite the severe problems in placode invagination, the Gata3K/K otic epithelium was able to close and form a vesicle in a normal time frame demonstrating that reduced contact to the neural tube does not interfere with vesicle formation in mouse embryos. The resulting vesicle was, however, always smaller than the wild type one and had a more elongated shape. In addition, two separate vesicles on one side of the head were detected in half of the Gata3K/K embryos. These two vesicles had different otic identities as judged by the expression of different sets of otic marker genes and different proportions of cell proliferation and programmed cell death. The dorsal vesicle exhibited endolymphatic characteristics and the larger ventral vesicle exhibited many otic characteristics (nonsensory and sensory) excluding the endolymphatic duct fate. We demonstrated that these two vesicles arose through a rupture in otic epithelium that occurred during vesicle closure. Prior disruption, an ectopic morphological boundary was observed in the invaginating otic cup epithelium that divided the cup into two differently proliferating compartments and the disruption of the otic epithelium occurred along this ectopic boundary.
The ectopic morphological boundary observed in the medial wall of the Gata3K/K otic cups separated the dorsal, future endolymphatic domain, from the more ventral areas. This dorso-ventral boundary formed at the ventral expression border for genes such as Gbx2, Wnt6 and Drapc1 that are later expressed in the outgrowing endolymphatic duct (Fig. 5  and data not shown) . This dorso-ventral expression border along the medial wall appears to allow cell movements from ventral to dorsal compartment of the wild type otic cup and vesicle to ensure the sufficient outgrowth of the future endolymphatic duct. Our results suggest that without Gata3, this expression border becomes also a complete or partial border for cell movement and mixing causing disturbed outgrowth of the endolymphatic area, and secondarily, separation of the two compartments. It could also be that the loss of Gata3 leads to the loss of stable cell interactions at the dorsoventral expression boundary causing the observed disruption, but no molecular indications supporting this possibility have been found yet.
The dorso-ventral expression border for Gbx2, Wnt6 and Drapc1 coincided closely with the point where the otic epithelium was no longer attached to the neural tube in wild type embryos (arrow in Fig. 5E,G) . In Gata3K/K embryos, the expression areas of many dorsal genes were often reduced, but the expression border still coincided initially with the point where the reduced attachment ended (as in Fig. 5F ). Thus, it seems likely that the ventral expression border for some dorsal otic genes could be positioned according to the endpoint of attachment. Furthermore, the dorsal otic placode/ cup is most likely specified as endolymphatic already before and/or during invagination by Wnt-family members secreted from the closely located neural tube (Riccomagno et al., 2005) .
A putative medial-lateral boundary in the early otic vesicle has been proposed by the lateral expression of certain chicken genes that do not extend to the endolymphatic outgrowth. Also a complementary medial expression pattern for Pax2 including the endolymphatic outgrowth until the mediallateral boundary has been shown (Brigande et al., 2000) . This putative boundary forms at the region where the otic epithelium closes to form a vesicle and it is thought that no cell mixing occurs through this boundary (Brigande et al., 2000) . At the time of closure, Gata3 is strongly expressed in the lateral otic epithelium and weakly in the medial wall (Fig. 1L) .
In severe Gata3K/K phenotypes, the lateral ends of the otic cup epithelium do not meet and fuse, but are instead separated in two vesicles where the fusion occurs with the broken ends from the medial wall as seen in Fig. 3 . Thus, the origin of the defect lies in the medial wall behaviour and secondarily, the proposed medial-lateral boundary does not form normally because the lateral ends of the epithelium do not find each other and instead they fuse with unusual ends. In less severe Gata3K/K phenotypes, the lateral ends fuse and the mediallateral boundary forms normally.
The disruption of the otic field observed in Gata3 deficient embryos is the first one described that dissociates different gene expression and functional domains of the otic vesicle. Usually, when supernumerary numbers of otic vesicles have been observed in vertebrate models, the origin of the phenotype lies in the aberrant development of the adjacent hindbrain regions (reviewed in Fekete, 2004) . This possibility can be excluded in Gata3K/K embryos since Gata3 mRNA is not expressed in hindbrain until E9.0 (Pata et al., 1999) when the phenotype is already obvious. The requirement of Gata3 for otic placode invagination seems tissue specific since no defects have been observed in Gata3K/K lens placode invagination even if Gata3 is expressed in lens epithelium as well (data not shown).
3.2. Altered expression of several cell adhesion mediating molecules indicate reduced intra-epithelial motility or 'rearrangement'
Cell adhesion molecules are generally important determinants for cell motility controlling cell-cell and cell-ECM contacts and changes in adhesion molecule expressions may cause impaired proliferation and morphogenesis (reviewed in Cavallaro and Christofori, 2004) . We found that the expression of several genes encoding for factors involved in cell adhesion were altered in Gata3K/K otic cup and vesicle indicating that adhesion properties in otic epithelium had changed.
The most dramatic up-regulation occurred in the levels of Cx26 encoding Gjb2 specific RNAs. Several connexins have been thought to act as tumor suppressors and overexpression of Cx26 in malignant cells can restore epithelial morphology and reduce cell proliferation, invasion and migration (Yano and Yamasaki, 2001; Momiyama et al., 2003) . Therefore, the early ectopic expression of Gjb2 observed in Gata3K/K otic epithelium could be a major contributor to the phenotype and lead to reduction of cell proliferation and motility.
The only cell adhesion related gene down-regulated in Gata3K/K otic region was Spp1. Decreased expression of Spp1 could indicate reduced cell motility since increased expression has been associated with tumor invasion and metastasis in many cancers (Wai and Kuo, 2004) . Thus, the increased expression of Gjb2 as well as the decreased expression of Spp1 both point towards reduced cell motility in Gata3K/K otic epithelium.
Interestingly, the Drosophila Gata factor grain has been shown to affect organ shape by controlling intra-epithelial motility or 'rearrangement' during epithelial morphogenesis (Brown and Castelli-Gair Hombria, 2000) . As in Drosophila, the early otic phenotype in Gata3 deficient embryos could be due to aberrant intra-epithelial motility. Fate mapping studies have demonstrated extensive cell movement and mixing in otic epithelium during otic cup closure to form a vesicle. Especially motile are the cells in the ventro-posterior cup whereas the cells located in the dorsal cup move less and the area contributes later only to the endolymphatic duct (Brigande et al., 2000) . We observed that in Gata3K/K otic cups the ventro-medial epithelium appeared often thicker containing many layers of proliferating cells marked with BrdU whereas the wild type cup epithelium was thinner and the BrdU stained nuclei were mainly arranged close to the outer border. In addition, the more dorsal parts of Gata3K/K cups contained areas that lacked proliferating cells. This abnormal distribution of proliferating cells in Gata3K/K cups suggested that cell migration from the ventral domain could be reduced so that the ventral cells that normally produce high levels of Gata3 were not able to move and mix efficiently with the dorsal cells. This defect could lead to the premature appearance of endolymphatic characteristics such as low proliferation rate since normally these characteristics would be hidden under cellular mixing. Moreover, the observed uncoordinated development of the dorsal and ventral otic cup compartments could be the reason for the subsequent disruption of the Gata3K/K otic epithelium into two vesicles.
Gata3 is required for dorsal otic development
As mentioned earlier, the dorso-ventral polarity is established normally in Gata3K/K ears although the general morphogenesis is severely affected. This indicated that the initial specification of dorsal fate by Wnt signals from the adjacent dorsal neural tube and the ventral fate by Shh signals from the ventral notochord (Riccomagno et al., 2005) occurred in the absence of Gata3. However, we observed a down-regulation of several dorsal marker genes including Dlx5, Gbx2, Wnt6, Wnt2b and Drapc1 especially after otic vesicle closure. The dramatic down-regulation of many dorsal genes in Gata3K/K mutants is likely to contribute significantly to the deficient development of the endolymphatic duct as well as to the lack of other dorsal structures. Since Gata3 is not itself expressed in the outgrowing endolymphatic duct area after otic vesicle formation (Lilleväli et al., 2004) the down-regulation of these dorsal genes is likely to be a secondary effect due to aberrant dorsal development that starts already at cup stage.
Gata3 is required for Fgf10 expression during inner ear development
Not only the endolymphatic duct but also the semicircular ducts fail to grow out normally in Gata3K/K embryos (Karis et al., 2001) . The early defects observed in Gata3K/K dorsal otic epithelium development and the down-regulation of several dorsal marker genes are likely to contribute to the phenotype. However, we also observed that the expression of Fgf10, known to be necessary for normal semicircular duct outgrowth, was lost in Gata3K/K otic epithelium.
Fgf-signalling is necessary for the formation of most organs in the embryo (reviewed in Ornitz and Itoh, 2001) and it has been shown to be important for many aspects in inner ear development including otic induction, morphogenesis and hair cell development (Mansour et al., 1993; Alvarez et al., 2003; Pauley et al., 2003; Wright and Mansour, 2003) . However, nothing has been known of the specific transcription factors that regulate the expression of different Fgfs during inner ear development.
The lack of Fgf10 expression in Gata3 deficient otic epithelium and ganglion suggests that Gata3 could be the first potential factor to control Fgf10 expression in inner ear. Importantly, Fgf3 expression in an overlapping otic region is not lost in Gata3K/K ears excluding the possibility of altered identity of the otic region in question. Furthermore, a recent study using a transgenic approach to express a reporter gene linked to Fgf10 upstream sequences identified an enhancer sequence that drives expression in inner ear of mouse embryos. When this enhancer (our site V in Fig. 7 ) and adjacent genomic regions were deleted, expression was lost in inner ear (Ohuchi et al., 2005) . The Fgf10 genomic region responsive to Gata3 in NIH3T3 cells includes this inner ear specific enhancer element further suggesting that the Gata3 binding sites identified in site V could be functional also in inner ear.
Gata3 and Fgf10 are both expressed in the sensory domains of the vestibular epithelium during semicircular duct outgrowth (Lawoko-Kerali et al., 2002; Pauley et al., 2003; Lilleväli et al., 2004) . It has been proposed that Fgf10 secreted from the sensory epithelium directs the outgrowth of the semicircular ducts in chicken model by up-regulating Bmp2 in the associated non-sensory compartments (Chang et al., 2004) . Our results therefore suggest that the lack of semicircular duct outgrowth in Gata3 deficient embryos could be partly due to the loss of Fgf10 from the vestibular sensory epithelia. However, as discussed earlier, the reduction of other factors such as Dlx5 and Gbx2 are likely to be involved since Gata3 deficient semicircular duct phenotype is more severe than that of Fgf10K/K embryos.
Fgf10 is known to promote the expression of several proneural and neurogenic genes in vestibulocochlear ganglion precursor cells in chicken (Alsina et al., 2004) . Targeted mutations of these genes in mouse lead to absence or severe depletion of vestibular and auditory neurons (reviewed in Chae et al., 2004) . The auditory part of the ganglion is progressively lost also in Gata3K/K embryos (Karis et al., 2001) . Gata3 has been shown to sustain the expression of one of the neurogenic genes, Neurod1, in auditory neuroblasts but the nature of this interaction has not been clear (Lawoko-Kerali et al., 2004) . We noticed that Neurod1 mRNA level had clearly decreased in Gata3K/K samples already at an early developmental stage (Table 1) . Thus, it can be deduced from our results that Gata3 may regulate Neurod1 expression through Fgf10-signalling in auditory neuroblasts.
Taken together, we reveal important novel roles for Gata3 during early otic development. The Gata3 deficient otic placode is unable to invaginate normally resulting often in a compartmentalised otic cup where the dorsal domain proliferates less than the ventral one. This uncoordinated development of the dorsal and ventral domains could in severe cases lead to the disruption of the epithelium into two separate vesicles along an ectopic dorso-ventral boundary formed between the endolymphatic domain and the rest of the otic epithelium. Our large-scale gene expression analysis identified several cell adhesion mediating genes whose expression had altered in Gata3 deficient otic epithelium suggesting that its adhesion properties had dramatically changed. The observed changes in adhesion related genes suggested that intra-epithelial cell motility or rearrangement had decreased, similarly to what has been observed in Gata-factor deficient Drosophila epithelia. In addition to cell adhesion, we showed that Gata3 regulates Fgf10-dependent signalling in otic epithelium and cochlear ganglion.
Experimental procedures
Mouse breeding and genotyping
The generation and genotyping of Gata3K/K (Gata3 nlslacZ/nlslacZ ) mice has been described previously (Hendriks et al., 1999; Lilleväli et al., 2004) . The embryos were taken from timed matings and the day on which a vaginal plug was detected was assigned as E0.5.
X-gal staining and RNA in situ hybridisation
X-gal staining to visualise b-galactosidase activity in whole embryos was performed as before (Salminen et al., 1998) . The stained embryos were blocked in gelatine and 25-30 mm sections were cut with vibratome. Whole mount RNA in situ hybridisations were performed using digoxigenin-UTP (Roche) labelled RNA probes (Wilkinson, 1993) and the stained embryos were cut with vibratome. The radioactive in situ hybridisations were performed on 10 mm serial paraffin sections as before (Salminen et al., 2000) and the images were treated as in Lilleväli et al. (2004) . The preparation of the antisense and sense probes were performed as described in Salminen et al. (2000) . No specific signals were detected with any of the sense probes.
Detection of cell proliferation and apoptosis
For cell proliferation assays, pregnant females were injected intraperitoneally with BrdU-solution 45 min or 1 h prior sacrifice and detection of proliferating cells in the embryos was performed as before (Salminen et al., 2000) . The proliferation index (average proportion of BrdU-labeled nuclei from all nuclei) was calculated from 10 mm serial paraffin sections of at least four ears of each stage and genotype. Detection of apoptosis was performed on 10 mm thick paraffin sections with the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Intergen) as described earlier (Cecconi et al., 2004) . The proportion of TUNEL positive cells from all otic vesicle cells was calculated from serial sections of four E10.5 ears of each genotype.
Luciferase assay
The luciferase assays were performed with the Dual-Luciferase w Reporter Assay System (Promega) according to the manufacturer's protocol. A 3545 bp fragment of mouse Fgf10 upstream region (K3410 to C135) containing several putative Gata3 consensus sites was amplified with PCR using the following primers: 5 0 -GCAAGGATCGGATGAAAGAG-3 0 and 5 0 -TCTCTCCAGTCTCAGGGTGAA-3 0 . For transactivation studies the upstream regions were cloned into the luciferase reporter plasmid pGL3-Basic (Promega) SmaI site giving rise to the pGL3-Fgf10(K3410) construct. Deletions in pGL3-Fgf10(K3410) were performed using the restriction enzymes KpnI at K1659 bp, NheI at K1103 bp, AfeI at K680 bp, BstXI at K139 and SmaI at C44 bp (Fig. 7) . The different luciferase reporter constructs were cotransfected with Renilla luciferase reporter plasmid (pRL-TK, Promega) into NIH3T3 cells using the Lipofectamine Plus system (Invitrogen) with or without a Gata3 expressing vector (pcDNA3.1-Gata3). The following amounts of DNA were used for transfections: 25 ng of pRL-TK; 725 ng of pGL3-Basic or pGL3-Fgf10 derivatives; 250 ng of pcDNA3.1-Gata3 or Bluescript. Luciferase activities were measured from six independent experiments with the Bio Orbit 1253 luminometer.
The statistical analysis of the results was carried out with the General Linear Mixed Model Analysis of Variance (ANOVA) using MIXED procedure of the SAS system, Release 8.2. Prior to the analysis, firefly and Renilla luciferase fluorescence intensities were logarithmically transformed to normalize their distribution. To eliminate the effect of random fluctuations due to variations, e.g. in transfection efficiency, the Renilla luciferase signal was included as the disturbance factor in the statistical model. For each Fgf10 genomic construct, and also for the control plasmid, the effect of Gata3 (defined as ratio of firefly luciferase signals with and without Gata3) was tested and estimated by tailored ESTIMATE statement of the MIXED procedure.
Microarray analysis
Otic epithelia were removed from surrounding tissues mechanically using fine tungsten needles and thereafter frozen immediately in liquid nitrogen. A minimal amount of the surrounding mesenchyme was included in the samples, but the neural tube was excluded carefully. Tissue samples from 40-50 embryos were pooled according to their genotype (wild type or Gata3K/K) and total RNAs were extracted using QIAGEN RNeasy Mini Kit. Due to the very limited amount of otic tissue at earlier developmental stages, we chose to use E9.5 embryos for the analysis. Target cRNAs were prepared and hybridised to Murine genome U74Av2 arrays as described in Affymetrix GeneChip Expression Analysis Manual. The T7-polyT primer and the total RNA annealing mixture volume was reduced from 12 to 6 ml. The data from hybridisations were analysed using Affymetrix Microarray Suite Version 5.0 software. The fold changes shown in Table 1 were calculated according to the Signal Log Ratio.
